This review discusses the present experimental and theoretical status of rare flavourchanging neutral current b-quark decays at the beginning of 2018. It includes a discussion of the experimental situation and details of the currently observed anomalies in measurements of flavour observables, including lepton flavour universality. Progress on the theory side, within and beyond the Standard Model theory is also discussed, together with potential New Physics interpretations of the present measurements.
Introduction
The year 2018 marks a special point for the field of particle physics as it is not only the end of second period of data-taking at the Large Hadron Collider(LHC) but also the start-up of the Belle II experiment. In the field of flavour physics, a number of anomalies have been observed when comparing measurements to the Standard Model (Standard Model (SM)) expectation; from which a coherent and conclusive picture emerges. Those anomalies could, if they persist, point towards certain New Physics (NP) models such as leptoquarks or Z bosons. In this review, we will give a comprehensive overview of the current state-of-the-art of exclusive rare b decays from both experimental and theoretical perspective. We will present the current experimental landscape with a focus of the observed anomalies and discuss potential new physics interpretations.
The LHCb experiment will continue to run for the next two decades and hence will be able to either confirm or rule out many of the present-day anomalies. With the imminent start-up of the data-taking at the Belle II experiment, these tensions will be independently cross-checked and further complementary measurements will be accessible.
As the progress in inclusive b → s + − decays was limited after the end of the B factories, this review focusses on exclusive measurements of rare decays of B hadrons as these are excellent probes for many new physics scenarios. These rare decay processes are CKM-, GIM-and loop-suppressed, wherefore potential new physics effects can be large compared to the SM amplitude. Such indirect searches allow to probe NP models at much higher mass scales as are currently accessible through direct searches. In the past, exclusive decays with muons in the final state have been measured extensively by the LHC experiments, most notably by LHCb, as well as the B factories. We review the status of these measurements, discuss their theoretical description in the SM and model-independently in the presence of new physics. A special focus is set on the anomalies seen in angular distributions of B 0 → K * 0 µ + µ − and in the branching fraction measurements of all exclusive b → s + − decays as well as to the tensions observed in tests of lepton flavour universality in this class of decays. Measurements of the type b → c ν are not covered in this review.
On the theoretical side, the current state of the SM predictions for the discussed observables is presented. The anatomy of the amplitudes, and their dependence on various local and non-local hadronic matrix elements is discussed. Particular focus is set on recent developments for the non-local matrix elements. The modelindependent interpretation of the b → s + − measurements is examined in the framework of the usual Effective Field Theory.
This review is structured as follows: Section 2 introduces the amplitudes of b → s + − decays in an effective field theory approach. Section 3 discusses the experimental landscape with a focus on semileptonic b → s + − decays, which is followed by a brief discussion of b → d + − decays, purely leptonic B 0 (s) → + − and b → sγ decays. The experimental part of the review closes with a brief discussion of b → sγ decays.
The second part of the review, Section 4, examines the foundation for the SM predictions required in the first part of the review. Section 5 discusses then a combined interpretation of all presented measurements in the framework of global fits and possible interpretations of the observed patterns in NP frameworks.
The review closes with a discussion of the experimental outlook in Section 6.
Anatomy of the amplitudes
Within the SM and at the Born level there are no flavor-changing neutral currents (FCNC). As a consequence, any FCNC-mediated quark-flavor transitions, such as b → s, emerge only from virtual loop corrections, in which a W is first emitted and subsequently re-absorbed. The emergence at the loop level naturally suppresses the rate at which these processes occur. In the SM, the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix introduces an additional suppression mechanism that renders b → s + − transitions very rare. 1 Moreover, descriptions of these rare b decays in the SM are further complicated since they pose a multiscale problem: as weak decays they are mediated through the exchange of W and Z bosons, which are much heavier than the remaining particles (with the exception of the t quark). The use of an Effective Field Theory (EFT) helps our understanding of such multi-scale dynamics. In the following, we will discuss the EFT used for predictions of rare b decays below the electroweak breaking scale Λ EW 80 GeV. Within the SM, this EFT captures the effects of the t quark as well as the W and Z bosons, which are no-longer dynamical degrees of freedom for scales µ < Λ EW .
The effective Lagrangian reads (see e.g. 1 )
where L QED and L QCD,5 denote the Lagrangians of the electromagnetic and strong interactions (with five quark flavours after integrating out the top quark), G F refers to the Fermi constant, and the last term captures the local effective operators O i with their effective couplings -or Wilson coefficients (WC)-C i at the renormalisation scale µ. For convenience, the product of CKM matrix elements V tb V * ts has been extracted from the definition of the WC.
The matrix elements of the effective operators O i need to be evaluated at a low scale µ b = m b 4.2 GeV, which minimises logarithms in the perturbative expansion of the matrix elements. Consequently, one requires the WC evaluated at µ b . Problems arising from large logarithms ln(M W /µ b ) are resummed through Renormalisation Group (RG) improved running. Contemporary analyses use resummation of QCD-induced large logarithms up to Next-to-Next-to-Leading-Logarithm (NNLL). This requires knowledge of the relevant anomalous dimensions at the fourloop level, and the matching conditions at the three-loop level. [2] [3] [4] [5] [6] The electroweak effects to NLL, which are numerically sub-leading, are known only for a subset of the WC. For a consistent treatment at the leading order in the electromagnetic coupling e, all operators of the following set -usually called the SM basis -are required (see e.g.
2 ). The SM basis consists of the current-current operators (q = u, c)
the QCD-penguin operators
the electromagnetic and chromomagnetic dipole operators
and the semileptonic operators
In the above, we abbreviate
, e 2 = 4πα e , and sums over q run over all active quark flavours u, d, s, c, and b. Through using α e = α e (µ b ), universal QED corrections at NLO are taken care of.
8, 9
Searches for NP effects at energies smaller than µ ≈ M W have so far not discovered either new interactions or new particles. Assuming that no such low-mass fields exist, the EFT framework, which is necessary for accurate theory predictions, can also be used to systematically describe NP effects. To this end, the effective Lagrangian Eq. (1) has to be modified in the following way: (1) the set of effective field operators is enlarged to include all operators allowed by field content and Lorentz symmetry up to a given mass dimension (typically mass dimension six), (2) their WC are assumed to be independent and uncorrelated parameters.
When limiting this enlarged set to only semileptonic operators, a basis of all operators up to and including mass dimension six can be formed by also including the chirality-flipped operators,
the (pseudo)scalar operators
and the tensor operators
A complete and non-redundant set of dimension-six operators, including their oneloop anomalous dimensions in both QCD and QED is compiled in.
11
This bottom up approach probes model-independently for deviations from the SM:
12-15 the WCs are sensitive to NP effects of new particles that are too heavy to be produced directly. Rare semileptonic b decays therefore provide information that is complementary to the "direct" searches for new interactions and particles that are carried out at the Large Hadron Collider.
The above basis is further reduced when one assumes a manifest invariance of NP effects under the SM gauge group within a SM-like (i.e. linear σ) Higgs model. For the b → s + − operators, this was explicitly demonstrated in. 16a The effective Lagrangian in Eq. (1) can be matched onto the SM Effective Field Theory (SMEFT) (see e.g. 18 ), whose operators are manifestly invariant under the SM gauge group. The required matching formulas are compiled in 19 to leading non-trivial loop level. Matching, basis transformations and Renormalization-Group-Equation (RGE) evolution can be conveniently achieved through a variety of computational tools, including but not limited to: the "DsixTools" Mathematica package;
20 the "Wilson Coefficient Exchange Format" and its reference Python implementation; 21 and the "Wilson" Python package.
22
a Note, however, that a nonlinear representation fully restores the basis of dimension six operators to the set introduced above. 17 Schematically, the matrix elements for all exclusive b → s + − processes can now be expressed as
where q 2 refers to the invariant mass squared of the di-lepton pair. The F i refer to hadronic matrix elements of localsb currents as induced by the operators O 7,9,10 , while H denotes matrix elements of time-ordered products involving fourquark operators O 1c,2c,3,...,6 and the chromomagnetic operator O 8 together with the electromagnetic current. In the presence of NP effects in the semileptonic and radiative operators, the hadronic matrix elements remain unchanged. However, the coefficients multiplying the latter are then modified. For the complete anatomy of the amplitudes of B → K ( * ) + − decays in the presence of NP operators of mass dimension six we refer to. 23, 24 A similar study for 
Experimental measurements
In this section, we draw a picture of the current experimental status of semi-leptonic 
Particular interest was raised throughout the past years by various measurements of semileptonic b → s + − decays, in which several tensions between the SM predictions and experimental measurements have been observed. These deviations are mostly in the range of two to three standard deviations and show a consistent pattern, which can be explained by lowering the WC C 9 with respect to its SM value 14, 26, 27 as detailed further in Section 5.1.
The differential branching fractions of the decays
− versus the invariant mass squared of the dimuon pair, q 2 , were determined by the LHCb collaboration with the CP -averaged isospin asymmetry A I review Status of rare exclusive B hadron decays in 2018 7 defined as
with the partial widths Γ and branching fractions B of the corresponding decay channels and the ratio of B 0 to B + lifetimes τ 0 /τ + . The analysis finds values individually compatible with the SM prediction. However, the entity of measurements lies systematically below the predictions as shown in Fig. 1 . In the same analysis, the CP -averaged isospin asymmetry has been measured and is depicted in Fig. 1 . In a similar analysis, the CP asymmetry
was determined under the assumption of no direct CP violation in the control mode
001, where the uncertainties are statistical and systematic, respectively, 29 and this measurement is consistent with the SM prediction.
30
The double differential decay rate of
where the angle between the µ − (µ + ) and the oppositely charged kaon K + (K − ) of the B + (B − ) decay is denoted by θ l , F H is the so-called flat term, and A FB is the forward-backward asymmetry of the dimuon system.
As the flavour of the neutral B meson cannot be determined for the selfconjugate final state K 0 S µ + µ − , the double differential decay rate is extracted as a function of the absolute value of cos θ l as 1 Γ
with the constraint of 0 ≤ F H ≤ 3 enforcing the expression to be positive-definite for all values of | cos θ l |. 33 The results of A FB and F H are compatible with the SM predictions 31 and are shown in Fig. 2 .
Interference effects between the short-and long-distance contributions were studied in B + → K + µ + µ − decays at low recoil. 34 The LHCb collaboration reported the first observation of the decays B + → Ψ(4160)K + and the subsequent decay 
The branching fraction of the short-distance component is determined by setting the J/ψ and ψ(2S) resonance amplitudes to zero, and is found to be B(B
where the uncertainties are statistical (including the form factor uncertainties) and systematic. In addition, the phase difference between the short-distance and the narrow-resonance amplitudes in B + → K + µ + µ − decays was determined by performing a fit to the mass of the dimuon pair; of which one possible solution is illustrated in Fig. 3 . As the values of the J/ψ phases are compatible with ±π/2, the interference with the short-distance contributions far from The CP asymmetry defined in Eq. (12) was measured by the LHCb collaboration to be A CP (B 0 → K * 0 µ + µ − ) = −0.035 ± 0.024 ± 0.003, where the uncertainties are statistical and systematic, respectively, 29 and the measurement is found to be consistent with the SM expectation of a small CP asymmetry in this decay. A study of the neutral decay mode was performed, which resulted in the measurement of the isospin asymmetry as defined in Eq. (10) illustrated in Fig. 4 . As the differential branching fractions of the decay B 0 → K * 0 µ + µ − had been previously reported in, 37 the values were not updated in 28 until later in. 38 The latter results are as well depicted in Fig. 5 , and the analysis yields the most precise measurement to date of the q 2 -averaged branching ratio
with δq 2 = 4.9 GeV where the uncertainties are of statistical and systematic origin. Assuming the absence of high-order waves e.g. D-and F-waves, the pure P-wave component of the differential branching fraction has been determined for the first time. However, in previous analyses, the S-wave fraction was not taken into account as is the case in a measurement of the differential branching fraction published by the CMS collaboration, 39 whose results are shown in Fig. 5 .
decays is expressed as a function of the invariant mass of the lepton 41, 42 which are purely made for the resonant P-wave part of the K + π − system (left) 38 and for the S-and P-wave components (right). 39 pair q, and the angles θ , θ K * and φ, where θ refers to the angle between the µ − and the K * 0 (K * 0 ) flight directions in the di-lepton rest frame, and θ K * to the angle between the K * 0 (K * 0 ) and the K + (K − ) flight directions in the K * rest frame and φ corresponds to the angle between the planes defined by the di-muon and the kaon and pion in the B rest frame. 43, 44 The fully differential decay rate is then given by
where the I i (Ī i ) terms depend on products of the K * spin amplitudes and the f i functions are the corresponding angular distribution functions b assuming an on-shell K * meson. 30 As the theoretical calculations define θ with respect to the negatively b The differential decay rate taking the full basis including scalar and tensor operators has been derived in. 23 charged muon in both B 0 and B 0 decays, the angular distributions between theory and experiment differ. A translation scheme between the two conventions is given in. 24 More common than expressing the differential decay rates as functions of I i and I i is using the CP -averaged and CP -asymmetric observables S i and A i as introduced in.
One can construct a complete set of observables P ( ) i with a reduced B 0 → K * formfactor dependence [45] [46] [47] in the large energy limit. They emerge from combinations of F L and S 3 − S 9 , where
is the most notable and hence relevant for further discussions in this review.
In the angular analysis of B 0 → K * 0 µ + µ − decays by the CMS collaboration on a dataset of 20.5 fb −1 recorded in 2012, both P 5 and
48 by using a folded differential decay rate -an approach originally developed by the LHCb collaboration. 37, 49 After the folding, a multi-dimensional fit is performed, with the parameters of interest P 1 , P 5 and A 5 S along with signal and background yields, whereas the values of the longitudinal polarisation of the K * meson, F L , F S and and the interference between S-and P-wave, A S , have been fixed to values determined in a previous analysis performed on the same dataset.
39
The results of P 1 and P 5 are shown in Fig. 6 and are consistent with the SM predictions and previous measurements.
The aforementioned folding technique has also been employed by the Belle collaboration to extract P 5 and leptonic final states. 51 The results on P 4 and P 5 are shown in Fig. 7 . Tensions between measurement and SM prediction 52, 55 are observed for P 5 for the muon final state in the region 4 GeV
/c 4 of 2.6σ, whereas the electron mode differs by 1.3σ in the very same region, leading to a combined tension of 2.5σ. In addition to the P 4,5 observables, the so-called Q 4,5 = P ,µ 4,5 − P ,e 4,5 observables are determined for the first time; any deviation of these observables from zero would be a clear sign for new physics. 56 However in the Belle analysis, no deviation from zero is observed as can be seen in Fig. 7 .
A more complete angular analysis was performed by the ATLAS collaboration on its 20.3 fb −1 dataset from 2012 by exploiting four different folding schemes allowing to extract a set of four observables for each scheme.
57 However neither S 9 nor A FB can be measured with the chosen approach. The values for F L and S 3 , which are common to each folding scheme, have been compared between the four fits and have found to be consistent. The publication comprises results on F L , S 3,4,5,7,8 , P 1 and P 4,5,6,8 , from which P 4 and P 5 are shown in Fig. 8 . The obtained results are consistent with the different SM predictions within less than three standard deviations.
In contrast to previous analyses, the LHCb collaboration has performed a full angular analysis, and has determined the set of angular observables by employing three different methods: by a maximum likelihood fit, by exploiting the angular principal moments, 60 and in addition the zero-crossing points of S 4,5 and A F B were determined from a fit to the decay amplitudes. 50 The full angular analysis gives access to the correlation matrices, which provide crucial input for global fits to theoretical models. The results of the maximum likelihood and the method of angular principal moments are found to be compatible. As the maximum likelihood yields the most precise results, we restrict the discussion to this approach. However, we note in passing that the angular principal moments allow for smaller bin widths in q 2 and therefore provide more information of the q 2 shape of the angular observables compared to the maximum likelihood method. In this analysis performed by the LHCb collaboration, the fraction of the S-wave component was taken into account. Neglecting theoretical correlations, the S i observables appear to be compatible with the SM predictions. The theory correlations can be displayed best in the space of the P ( ) observables with the most notable deviation of the SM in P 5 as can be seen from A fit to the complete set of CP -averaged observables, namely F L , A FB and S 3 − S 9 , as determined from the maximum likelihood fit is performed by the LHCb collaboration 50 using the EOS software package 62, 63 for observables in the q 2 ranges below 8 GeV 
− decays but also their charged counterparts. The results are summarised in Fig. 11 and most results are compatible amongst each other and with the SM prediction. In the low q 2 region, a tension is observed in F L between B + → K * + + − and B 0 → K * 0 + − decays as well as the SM prediction. In the same region, there appears to be a small tension for P 2 .
Although most previous analyses focus on the muonic final states, several analyses measure e.g.. the branching fraction or angular observables for B 0 → K 
where the uncertainties are statistical and systematic, respectively, and these results are in agreement with the SM expectations. 
where the uncertainties are statistical, systematic and originating from the normalisation mode. 71 For the B + → K + π + π − µ + µ − channel, the differential branching fractions illustrated in Fig. 12 could be measured.
In the region above the K * 0 (892) mass around 1430 MeV/c 2 , the following resonances decaying to a K + π − final state contribute to the spectrum: the S-wave K * 0 (1430) 0 , the P-waves K * (1410) 0 and K * (1680) 0 and the D-wave K * 2 (1430) 0 . The LHCb collaboration has, for the first time, studied the differential branching fraction of the decay B 0 → K + π − µ + µ − and performed a full angular analysis including S-, P-, and D-wave contributions in the region 1330 MeV/c 2 < m(
The former results are shown in Fig. 12 ; the latter results on the angular observables point towards large interference effects between the S-, P-and D-wave contributions. The fraction of the D-wave was estimated to be smaller than
To gain further insight into the observed tensions in b → s + − decays, B 0 s decays were studied to complement studies of B 0 decays. In the decay channel B 0 s → φµ + µ − , a full time-integrated angular analysis in line with the previously mentioned B 0 → K * 0 µ + µ − study has been performed. In contrast to the self-tagging B 0 → K * 0 µ + µ − decays, the φ meson decays into a pair of oppositely charged kaons, and hence is not flavour-specific, wherefore the accessible angular observables are F L , the CP -averaged observables S 3,4,7 and the CP asymmetries A 5, 6, 8, 9 . For the first time, the observables S 4 (shown in Fig. 13 ) and S 7 have been measured. This LHCb analysis comprises a measurement of the differential branching fraction shown in Fig. 13 for which a discrepancy of 3.3σ between the measured branching fraction and the SM prediction in the region 1.0 GeV
This confirms a tension seen in the branching fraction measured by the previous analysis 74 of about 3.1σ when comparing to more recent SM predictions 42, 75 than was referred to in the publication. In contrast to the LHCb experiment, the B factories are able to perform inclusive measurements of e.g. B → X s + − decays. However, inclusive analyses are challenging due to the required full reconstruction of the other B decay, which significantly reduces the efficiency. Hence, so-called sum-of-exclusive analyses are performed, which use a dominant subset of the corresponding exclusive decays instead. In an analysis of B → X s + − decays with = e, µ on the full BaBar dataset, ten dif-ferent hadronic final states X s were considered accounting in total for 70% of the fully inclusive rate. 76 In these overall twenty final states, the differential branching fraction of B → X s + − decays was measured and by extrapolating this sum-overexclusive result, the inclusive branching fraction averaged over lepton flavours was determined to be
for
4 , where the uncertainties are statistical, systematic and originating from the model-dependent extrapolation. A slight excess of ∼ 2σ is observed in the high q 2 region of the partial branching fraction measurement shown in Fig. 14 for both electron and muon final states. From the branching fractions, which are determined for both electron and muon final states as well as the flavour-averaged combination, the direct CP asymmetry is extracted. By integrating over the q 2 region, the flavour-averaged CP asymmetry is found to be A CP (B → X s + − ) = 0.04 ± 0.11 ± 0.01, where the uncertainties are statistical and systematic, respectively, 76 and A CP is consistent with the SM prediction as are the CP asymmetries in bins of q 2 . A similar analysis was published by the Belle collaboration on its full dataset, in which the first measurement of A FB as a function of q 2 was reported, 77 where the reconstruction of the hadronic system extends over ten final states. The sum-ofexclusive results are compatible with SM predictions as can be seen from ) rest frame. Similarly, the hadronic forwardbackward asymmetry is determined from the one-dimensional distribution of cos θ h , where θ h is the angle between the proton and Λ directions. The results on A h FB are in good agreement with the SM prediction, whereas the leptonic forward-backward asymmetry lies systematically above the prediction. The results on A FB along with the differential branching fraction are depicted in Fig. 16 . The interpretation of these data is challenging and no convincing simultaneous theory explanation of these data and the anomalies in the mesonic modes has been found.
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For a subset of the angular observables the impact of all dimension-six NP contributions has been worked out in. 82 With the future dataset of the LHCb detector, a novel test of the SM could be carried out by studies of polarised versus unpolarised 
Tests of lepton flavour universality
A very clean test for new physics in b → s + − decays can be performed by taking ratios of branching fractions to different lepton species in the final state or by measuring the difference of angular observables across lepton species, e.g. in Q 5 as has been discussed in Section 3.1.2. Here, the prediction of lepton flavour universality (LFU) is probed, i.e. the SM prediction that weak couplings to all lepton flavours are identical. At the current experiments, b → s + − decays with electrons and muons in the final state are accessible. For q 2 larger than 1 GeV 2 both muons and electrons are sufficiently relativistic such that uncertainties in the hadronic form factors cancel to a very good approximation leaving a SM prediction with uncertainties well below 1%. 84 Log-enhanced radiative corrections for the decay rates are discussed in 85 yielding a larger uncertainty ∼ 1%. In recent years, the interest in lepton flavour universality tests has increased, 86 and the ratio of
. 87 The LHCb collaboration uses basically the same strategy for both analyses, that is discussed here for general b → s + − decays with the corresponding hadron H. The lepton flavour universality testing ratio R(H) is then defined as
where the differential decay rate is measured in certain q 2 ranges driven by experimental constraints and theoretical interests. The q 2 range corresponding to the J/ψ and ψ(2S) is always excluded from the LFU analysis but used as control and normalisation channel, since they are tested to be lepton-flavour universal to very high precision. 88 To cancel experimental uncertainties in the absolute efficiencies of the measurements, the ratio R(H) is not measured directly but as double ratio normalising the non-resonant signal mode to the corresponding high-statistics resonant mode, let us consider a J/ψ resonance in the following. The ratio R(H) is then measured as
.
A few comments are in order to explain this experimental strategy: first, this method tests for LFU violations in FCNC decays and it relies on the conservation of LFU in the corresponding resonant decay modes. To test this assumption, the ratio of the branching fractions in the resonant channel
is confirmed to agree with the conservation of lepton flavour universality. It has to be stressed that this test is more stringent than required because it cross-checks the absolute ratio of muon to electron reconstruction, identification and selection efficiencies while in the double-ratio of R(H) only relative efficiencies between nonresonant and resonant channel matter. The entire range of q 2 can be tested with this method, if the ratio r(J/ψ ) is measured in bins of the daughter particle momenta.
The most precise measurement of r(J/ψ ) has been performed in LHCb's analysis of R(K * ), where it was found to be in agreement with unity with a precision of 4.5%. Compared to the statistical uncertainties of the LFU tests of the order of 10%, this uncertainty is subdominant. For further tests with enlarged datasets, the precision in the determination of efficiencies as cross-checked in r(J/ψ ) needs to be studied in greater detail.
Among the b → s + − decays, the B + → K + + − mode is best accessible to the LHCb experiment and the B factories. The former collaboration has published a measurement using the full Run 1 dataset. 86 The value of R(K) is found to be R(K) = 0.745
where the uncertainties are statistical and systematic, and this measurement constitutes a tension with the SM prediction 32 of 2.6 standard deviations. The BaBar and Belle experiments have also performed tests of lepton flavour universality 65, 89 but their analysed dataset is much smaller than the LHCb dataset and hence the measurement has significantly increased uncertainties. The status of all measurements is summarised in Fig. 17 .
Further tests of LFU have been carried out with a K * 0 resonance in the final state; a study in B 0 → K * 0 + − decays was published recently by the LHCb collaboration in two bins of q 2 . The results in both q 2 ranges are found below the SM prediction at R(K * ) = 0.66
−0.07 ± 0.03 for 0.045 GeV
0.69
−0.07 ± 0.05 for 1.1 GeV
where the uncertainties are statistical and systematic, respectively. The measurement of R(K * ) is shown in Fig. 17 . The significances of the deviation of the SM expectation is 2.1-2.3 and 2.4-2.5 standard deviations, respectively. The SM prediction for R(K * ) in the lowest bin suffers from an additional source of theoretical uncertainty due to LFU-violating SM effects. These effects can for example stem from almost on-shell hadronic intermediate states that decay at different rates into muons versus electrons. We refer to 85 for a discussion. The data that the LHCb experiment has collected at the point of this review contains already a factor three more beauty mesons than in the published LFU analyses on 3 fb −1 . With the increased sensitivity of the LHCb detector and the start of the Belle II experiment, the tensions seen in the R(K) and R(K * ) measurements will be either confirmed or ruled out in the foreseeable future.
Additionally to the channels discussed above, LFU can be tested in B decays are analysed to test for a potential violation of lepton universality. Combining the already collected large datasets and the analysis of more channels, the question if LFU is conserved in the SM should be conclusively answered in the near future. A quantitative analysis of the future sensitivities to discover LFU is discussed in Section 6.
A note on b → d + − decays
In contrast to the well tested b → s + − decays, that are described above in Section 3.1, the decays of the type b → d + − are CKM suppressed by a factor of about 32. 88 The b → d + − system is in principle unconnected to other systems, wherefore it provides a complementary probe for new physics effects e.g. for the hypothesis of Minimal Flavour Violation, 90 in which these two systems would be connected. Therefore, ratios of related decays provide a stringent test of this hypothesis.
The first b → d + − decay that was observed 91 is B + → π + µ + µ − , where the differential branching ratio was measured with about one hundred candidates, see Fig. 18 , and the total branching fraction is found to be B(B + → π + µ + µ − ) = (1.83 ± 0.24 ± 0.05) · 10 −8 , where the uncertainties are of statistical and systematic nature. The publication includes the first test of CP violation in this decay with the CP asymmetry being A CP (B + → π + µ + µ − ) = −0.11 ± 0.12 ± 0.01 where the uncertainties refer to statistical and systematic uncertainties. Both the differential decay rate and the CP asymmetry are consistent with SM expectations. The decays B s,d → π + π − µ + µ − have also been measured by the LHCb collaboration. 92 However, the interpretation of these decays is more difficult as the hadronically complex structure of the π + π − system needs to be considered. The reconstructed Fig. 18 , illustrates this point clearly. In the dipion range of 0.5 − 1.3 GeV/c 2 , the first observation of the decay B with the uncertainties being statistical, systematic and originating from the normalisation channel were reported.
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An evidence for the decay B 
Figure 2: The fit to the invariant mass distribution of (left) selected B + → π + µ + µ − candidates and (right) selected B + → K + µ + µ − candidates, with the total model and separate components as described in the legend. The choice of models used for the partially reconstructed backgrounds, the semileptonic backgrounds, the misidentified K + µ + µ − background, and the combinatorial background could all contribute as potential sources of systematic uncertainty. The dependence of the fitted yields on these models is assessed by replacing the relevant component with an alternative model, as follows, and evaluating the change in yield in simulation studies and in the fits to data. The largest change in yield is assigned as the systematic uncertainty. Changing the models for the 
with an unreconstructed γ, and In 1985, the CLEO collaboration published the first limit on B 0 → µ + µ − , whereas UA1 should follow four years later with the first limit in the B 0 s → µ + µ − channel; the timeline of limits and measurements is shown in Fig. 19 . In recent years, the interest in the decays B 94 It has to be noted that the experimentally accessible observable is the time integrated branching fraction, which differs from the theoretical branching fraction at t = 0 95 due to B 0 s mixing effects. The B 0 s → + − branching fractions discussed in this chapter are all the time integrated quantities. Due to the very small width difference, this effect is negligible for B 0 decays. The corresponding decay B 0 → µ + µ − is additionally CKM-suppressed and therefore has an SM rate a factor 32 lower than the B 0 s decay. Analysing the sensitivity in NP physics, these modes are particularly interesting to look for new scalar or pseudo-scalar interactions, e.g. in two Higgs doublet models (2HDM) type II 96, 97 large effects are predicted.
In 2012, the LHCb collaboration reported a first evidence of the branching ratio of B 
with the complex coefficients p and q connecting mass and flavour eigenstates in the B ; the deviation of unity is caused by power-enhanced QED corrections. 94 The effective lifetime τ (B 0 s → µ + µ − ) is an orthogonal probe of NP models compared to the B 0 s → µ + µ − branching fraction as it is sensitive to models predicting the branching fraction close to its SM value. However, the current experimental sensitivity is insufficient to make a definitive statement on the validity of the SM or NP models, but τ (B 0 s → µ + µ − ) will become more important in the future when larger datasets become available. The LHCb measurement is consistent with the hypothesis of A
The experimental results discussed in Section 3.1.7 hint at a violation of Lepton Flavour Universality, therefore the non-muonic decays B 
104, 105
Experimentally, both B (s) → e + e − and B (s) → τ + τ − final states are more challenging than the muonic mode: when reconstructing the di-electron final state, bremsstrahlung photons have to be accounted for, and hence the mass resolution is significantly degraded and the physical backgrounds are more difficult to determine. In the tauonic decay channel, the decays of the τ leptons render the measurement challenging as they involve at least two neutrinos, and hence can only be reconstructed if additional information on the B momentum is available.
The current world's best upper limits on B (s) → e + e − stem from the CDF 
collaboration,
106 which determined the following limits at 90% C.L.
B(B
The SM predictions are at the level of 10 −13 (see 107 ) and hence not within experimental reach. Searches for B (s) → e + e − are therefore a clean test for effects beyond the Standard Model, as no SM contribution is measurable and any observed signal would be a clean signal for New Physics. A search for B 0 s → e + e − using the LHCb data is in preparation.
A first upper limit on B 0 s → τ + τ − was recently published by the LHCb collaboration 108 together with a limit on B 0 → τ + τ − improving the previous limits. The limits at 95% C.L. are
whereas the SM predictions are around four to five orders of magnitude below the current experimental sensitivity at B(B
decays, any observed signal would be a clear sign of New Physics. The sensitivity of B (s) → τ + τ − decays is expected to greatly improve in the upgrade of the LHCb experiment, profiting from the improvements in the trigger strategy.
Exclusive b → sγ decays
Over the past years, the advancements in exclusive b → sγ decays have been sparse, and other reviews, see e.g., 109 summarise the measurements by the B factories, wherefore we restrict this review to the most recent measurements. The Belle collaboration reported a measurement of the B → K * γ branching fractions, B(B 0 → K * 0 γ) = (3.96 ± 0.07 ± 0.14) · 10 −5 and B(B + → K * + γ) = (3.76 ± 0.10 ± 0.12) · 10 −5 , 110 which only place weak constraints on possible NP scenarios due to the large form factor uncertainties. Stronger constraints are obtained by measuring the direct CP asymmetry ∆A
110 This result comprises, for the first time, evidence of isospin violation (defined similarly to Eq. (10)) at a significance of 3.1σ, ∆ 0+ = (+6.2 ± 1.5 ± 0.6 ± 1.2%, where the uncertainties are statistical, systematic and the third uncertainty arises from the production ratio of charged to neutral bb pairs;
110 this result is consistent with the SM expectation. We recall that measurements of isospin asymmetries in the decays crucially depend on accurate determinations of isospin asymmetries in the production. The consequences of a bias-free determination of the production asymmetry and its consequences on ∆ 0+ are discussed in.
111 From the measured B 0 → K * 0 γ branching fraction, comprising solely the charged K * 0 → K + π − channel in order to reduce systematic uncertainties, the ratio
was determined, where the uncertainties are statistical, systematic and the third uncertainty comes from the B ( * )0 s B ( * )0 s production in Υ (5S)decays. 110 Here, the f s related uncertainty arises from the measurement of B(B 0 s → φγ) = (3.6 ± 0.5 ± 0.3 ± 0.6) · 10 −5 . 112 The results on the b → sγ branching fraction ratio are consistent with both the SM expectations and the LHCb result.
113 In B 0 s → φγ decays, the photons are predominantly left-handed with a right-handed component suppressed by the ratio of the s to b masses, where the latter component could be enhanced NP scenarios. Information on the polarisation can for example be obtained from e.g. B 0 → K * 0 e + e − decays(see Section 3.1 for details), which probe the photon polarisation at low q 2 , or from a measurement of the parameter A ∆ . The latter is a function of the left-and right-handed polarisation amplitudes given by A ∆ = sin(2Ψ) with tan(Ψ) ≡ |A(B In contrast to B 0 s → φγ, the decay B 0 → φγ is heavily suppressed and the current most precise limit is reported by the Belle collaboration as B(B 0 → φγ) < 1.0 · 10 −7 at 90% C.L.. 115 As this decay is not sensitive to the electromagnetic dipole operator O 7 but to the QCD-penguin operators O 3−6 , we refrain from a more detailed discussion.
Theory of rare
As discussed in Section 2, the description of rare b decays involves hadronic matrix elements of various local and non-local operators. We discuss these matrix elements in the following in Section 4.1 and Section 4.2. Subsequently in Section 4.3, we will revisit the theoretical foundations of the observables discussed in Section 3.
Hadronic matrix elements of local operators
For the purely leptonic decays of B s mesons and at leading order in α e , the only occuring hadronic matrix element emerges from the axialvector current
which introduces the B s meson decay constant f Bs . The hadronic matrix elements of the operators O 9,9 ,7,7 are suppressed by one power of α e ; see 94 for a recent study to that effect.
Presently, the only ab-initio method to obtain the B s decay constant is lattice QCD. For a discussion of the inherent systematic uncertainties in lattice determinations of the decay constant we refer to the most recent version of the FLAG report. 116 For determinations with N f = 2 + 1 + 1 dynamical light quark flavours, there are presently three results by the European Twisted Mass collaboration (ETM), 117 the HPQCD collaboration, 118 and the Fermilab/MILC collaborations (FNAL/MILC). 119 The lattice results read:
Besides lattice simulations, the decay constants are also accessible through QCD Sum Rules (QCDSR). The latter are based on an approach based on an Operator Product Expansion (OPE) of an inclusive quantitiy, and relating it to exclusive matrix elements in a dispersive framework. A large, and difficult-to-quantify systematic uncertainty arises from the use of quark-hadron duality. The QCDSR results are compatible with the lattice determination, albeit with uncertainties roughly one order of magnitude larger than the most precise lattice determination:
For the description of the semileptonic b-hadron decays, the matrix elements of the local operators are decomposed in terms of form factors: scalar-valued functions of q 2 , the square of the momentum transfer to the dilepton system. A commonly used basis consists of three form factors f + , f − , and f T for transitions to a single pseudoscalar meson (see e.g. 121 ), or seven form factors V , A 0,1,2 , T 1,2,3 for transitions to a single vector meson (see e.g. 122 ). Transformations of these common bases to the so-called helicity bases 123 can be convenient for the representation of the theoretical results as is e.g. discussed in.
62 They are also beneficial for the determination of form factor parameters from lattice simulations. 41 In order to parametrize the q 2 -dependence of the form factors, one relies on their analytic properties.
124 Their spectral densitites contain potential poles below the crossed-channel pair production threshold; e.g. for the B → K vector form factor, there is a single pole contribution from the B * s meson with mass M
2 . Moreover, with the onset of the pair production the form factors feature a branch cut extending to q 2 → +∞. Following 124 and later work, these properties can be incorporated into the parametrization of the form factors by virtue of a conformal mapping from q 2 to a variable z(q 2 ; t + , t 0 ). The mapping automatically accounts for the first cross-channel branch cut when equating
A suitable choice of t 0 minimizes the value of |z| in the physical q 2 phase space for semileptonic decays. 125 The common paradigm 42, 123 to parametrize the form factors is then to first remove the subthreshold poles through an explicit factor; and second to expand the remaining functions as a Taylor series around z = 0. Our present knowledge of the hadronic local matrix elements can be summarised as follows:
• In the case of B → K transitions, the form factors are available from both lattice simulations ; 126 Light Cone Sum Rules (LCSRs) with kaon distribution amplitudes; 121 and LCSRs with B-meson Light Cone Distribution Amplitudes (LCDAs). 127 Either of these results, or combinations thereof have been used in phenomenological applications. A new analysis using LCSRs with B-meson distribution amplitudes is pending.
128
• The case of B → K * form factors is more complicated since the K * is not an asymptotic state of QCD. For high-precision analyses, the effects of its finite width have to be taken into account. Lattice results in the narrow-width approximation are available from.
129 Updated LCSR results for K * -LCDAs in the narrow-width approximation are provided in, 42 and a combination of lattice QCD and K * -LCSR results have been published in.
42 B-LCSR 127, 130 results do not reach the same level of sophistication as K * -LCSRs, and and updates are expected this year.
128, 131
• For the case of B s → φ transitions, the full set of form factors is available from lattice simulations, 129 and LCSRs with φ-LCDAs.
42
• The most precise results on Λ b → Λ transition form factors are available from lattice simulations. 132 Results on the form factors from LCSRs with Λ-LCDAs are available from.
Λ b -LCDAs we refer to, 134 with the complete NLO α s corrections to the leading Λ b -LCDAs subsequently published in. 135 
Hadronic matrix elements of non-local operators
Beside the local semileptonic operators O 9,10 and their counterparts in NP scenarios, also the operators O 1...6,8 contribute significantly to the amplitudes. On one hand, the RGE already shows us that roughly 50% of the value of C 9 at the low scale is generated through the RGE mixing of the operators O 1c,2c into O 9 . Consequently, this generates a numerically significant scale dependence of C 9 that can only be compensated through the scale dependence of the hadronic matrix elements of these two operators. The latter arise from a non-local operator, the time-ordered product with the electromagnetic current J e.m. :
where the sum runs over i = 1c, 2c, 1u, 2u, 3 . . . 6, 8. We shorten the following discussion by only considering non-local effects of the operators O 8 and O 1c,2c , which enter the amplitudes numerically unsuppressed by either small CKM matrix elements or small WC.
To leading power in the heavy quark expansion, the effects due to O 8 can be described in the framework of QCD factorisation (QCDF) 136, 137 as O(α s ) contributions. When going to subleading power, QCDF breaks down due to endpointdivergent contributions from terms corresponding to photon emissions from the spectator quark. 136 This problem can presently only be overcome in the frameork of LCSRs. 138 According to, 138 the contributions can be written as generalized and complex-valued form factors for meson transitions. The generalized form factors are roughly of the same size as the local matrix elements of O 7 , however, with large phases. They enter the amplitudes with a factor two suppression since
. Additionally, the form factors are further suppressed with increasing q 2 .
138
The four-quark operators are both phenomenologically important and conceptually interesting, since they give rise to hadronic decays of the form
Here V denotes any state with quantum numbers J P C = 1 −− , which can resonantly contribute to the decay rate. A special case here are the O 1c,2c contributions, which enter with WCs C 1c,2c = O(1) and at the same level of the e In principle this is also true for the scale dependence of C 7 . However, here the short-distance mixing of the four-quark operators into the electromagnetic operator O 7 are suppressed by αs. CKM Wolfenstein parameter λ as the short-distance semileptonic contributions. To illustrate the problem, consider the measurements of the branching ratio for the decay B 0 → K * 0 µ + µ − in the q 2 bin from 1.1 GeV 2 to 6 GeV 2 , which yields ∼ 0.3 · 10 −7 , while the resonant hadronic decays B 0 → K * 0 J/ψ and B 0 → K * 0 ψ(2S) yield ∼ 1.3 · 10 −3 and ∼ 0.6 · 10 −3 , respectively. These resonant enhancements are denoted as either poles or resonances in the complex q 2 plane in Fig. 20 . Early works on the theoretical description of b → s + − decays assumed factorisation of the b → s quark current from the cc loop -usually referred to as naive factorisation. A first improvement within the concept of naive factorisation was achieved by Krüger and Sehgal through replacement of the LO quark-loop function by a resonant long-distance contribution extracted from e + e − → hadrons on the J/ψ and ψ(2S) resonances as well as above the DD threshold. 140 The relevant parameters for the description can be inferred from contemporary R ratio measurements, 88 where
A further theoretical improvement was achieved by embedding the four-quark contributions within the frame of QCD factorisation, Note here that the restriction on the allowed q 2 phase space arises both from the requirements of the power expansion in QCDF, and from estimating a breakdown of the local OPE close to the J/ψ pole. The latter estimate has been questioned more recently in. 142, 143 By using a Light-Cone OPE (LCOPE), the authors estimate that formally power-suppressed soft contributions become numerically relevant for q 
GeV
2 . The leading-power contribution to the LCOPE corresponds to the local OPE such that the QCDF results are completely recovered. At next-toleading power, corrections to the local OPE from operators involving one soft gluon field can be incorporated. The relevant non-local hadronic matrix elements were estimated from LCSRs. The approximate symmetry of the QCDF results between the two transverse polarization states, arising in the limit of large K * energy in the B-meson rest frame, can be exploited phenomenologically. A large number of optimised observables have been designed that exhibit a reduced dependence on the local form factors . 30, [144] [145] [146] The now standard basis of optimised observables is {P 1,2,3 , P 4,5,6 }.
45
For the phase space with q 2 m 2 b , the four-quark operators can be treated in a local OPE, 35, 147 commonly referred to as the Low Recoil OPE (LROPE). Due to the universality of the LROPE results for the various K * and dimuon polarisation states, it gives rise to a rich phenomenology and a set of optimised observables. 23, 31, 40, 52, 62, 148, 149 In contrast to the theory approaches below the J/ψ, the LROPE results can only be used for sufficiently inclusive q 2 -integrated quantities. The small size of the available phase space in B → K ( * ) decays above the open charm threshold bring into question the LROPE predictions (see e.g. 150 ). Possible relief is an item of active research, and includes: an update to the Krüger/Sehgal model for the resonances including matching onto the LROPE without 150 and with 151 the use of endpoint relations among the amplitudes; 149 and explicit models for the violation of quark-hadron duality in rare D decays.
152 Rare D decays might be an interesting laboratory to test our understanding of the long-distance effects, due to their larger hierarchy between long-distance and short-distance effects when compared to the rare B decays.
Very recently, a new approach to the non-local matrix elements below the ψ(2S) has been proposed in a proof-of-concept study. 139 There the authors parametrize the non-local matrix elements due to O 1c,2c in a manner that respects the analytic properties shown in Fig. 20(a) . As consequence, theoretical constraints at q 2 < 0 and therefore far below any hadronic threshold can be combined with experimental constraints on the non-leptonic decays B → K * {J/ψ, ψ(2S)}. It remains to be seen how well this approach can be adapted to other exclusive b → s + − decay modes.
Theory predictions in the Standard Model
For the decay B s → µ + µ − , the presently most precise theoretical predictions include NNLO QCD corrections 153 and NLO electroweak corrections 7 at the matching scale, and RGE effects of both QCD and QED in the evolution to the low scale. 8, 9 Nonlocal power-enhanced QED effects have been taken into consideration for the first time in, 94 which updates the theory predictions for the observables as follows:
The time-integrated branching ratio B and the mixing-induced CP asymmetry A
have been introduced in 95 and discussed in Section 3.3. The observables C λ and S λ are introduced by the time-dependent rate asymmetry 154 Here λ = L, R refers to the helicity configuration of the muon pair, and η L/R = ±1. Theory predictions for the semileptonic decays cannot be displayed as succinctly and easily as the ones for the purely leptonic decays. This is due to a large number of choices that need to be made such as the choice of the form factor inputs and parametrisations as well as the treatment of the non-local effects. For B → K ( * ) and B s → φ + − , with either = e or = µ final states, there are various predictions that differ in these choices. 14, 53, 75 However, all of these predictions are mutually compatible at varying degree.
For Λ b → Λ + − , again with = e, µ, there are presently no predictions for q 2 < M 2 J/ψ that systematically take non-local effects into account. For predictions at q 2 > M 2 ψ(2S) we refer to.
132
For the SM predictions of lepton-flavour universality ratios, the treatment of QED effects is very important. For R K ( * ) , this was recently studied in. 85 For less inclusive observables, such as the angular observables in B → K * e + e − , the impact of log-enhanced QED has been discussed in principle in; 24 in particular their effects on moments of the angular distribution, and higher moments that do not emerge in the absence of QED effects.
We conclude by referring to existing open source software for the prediction of various observables in exclusive rare (semi-)leptonic B decays. Using both the EOS for the relevant hadronic effects.
Phenomenology and New Physics reach

Global fits
The large number of measured observables for exclusive b → s + − transitions has inspired a number of global fits 14, 27 of the WC. These fits rely on constraints of q 2 -integrated observables from the experimental analysis. In addition to these global fits, direct fits of the WC to the observed events have been proposed.
156-159
Common to both types of fits are two questions:
(1) What type of data should be included? (2) Which WC should be fitted for, and which can be safely set to their SM values?
The first question has one definite answer: with larger datasets and more complementary data comes greater confidence in the fit results. In addition, the large number of phase space bins allows to perform consistency checks amongst the data. It has been shown that the constraints from individual experiments are in mutual agreement. 27 Moreover, removing individual q 2 bins from the analysis allows to extensively check the results for stability against mismodelling of the non-local charm effects. These checks indicate that the results for C 9 obtained from subsets of the q 2 bin are mutually compatible, and no explicit q 2 dependence of the result is found. (see e.g. 14, 27 ). Beside fitting for only the short-distance information encoded in the WC, it has also been demonstrated that information on the form factors and non-local matrix elements can be inferred alongside the WC. 12, 139, 160 By fitting an explicit parametrisation of the non-local matrix elements to data, it was shown that the non-local effects can explain the anomalies, but then fail to explain the q 2 behaviour of the non-local effects as imposed by the dispersion relations and require corrections to the leading-power theory results beyond what is naively expected based on power-counting arguments.
15, 53
While fits to the mesonic modes B → K ( * ) µ + µ − and B s → φµ + µ − are by now part of the standard global fits, the inclusion of the baryonic mode Λ 0 b → Λ ( * ) + − is much more complicated and will require future work to be viable. A first study to that effect concluded that exploitation of the data at low hadronic recoil is possible. 80 However, the positive shift to C 9 which emerges in this study is at odds with the consistent picture of a negative shift in all other processes. Moreover, even this positive shift required large duality-violating effects due to non-local charm effects that are incompatible with our present understanding of the LROPE.
80
The second question has no definite answer: no amount of data, neither from present nor from upcoming experiments, will allow to constrain the entire set of WC simultaneously. The common paradigm is to restrict the fits to the WC of operators of mass dimension six. This is a reasonable restriction, since dimension-eight operators are generically suppressed by factors M The results for fits to b → sµ + µ − data from the various groups as illustrated in Fig. 21 can be summarised as follows: 14, 27, 161, 162 • the exclusive data can be fitted reasonably well with the SM ansatz, assuming substantial shifts from theory predictions of the hadronic matrix elements; • the combination of all b → sµ + µ − data favour a shift to the WC C 9 , which amounts to 25% of its SM value at µ ∼ 4.2GeV;
• there is no clear sign for a q 2 dependence of this shift; seems to be lower than the SM prediction. No discrepancy to the SM prediction is observed for C 10 .
It is expected that the sensitivities of the upgraded LHCb experiment and the Belle II detector will allow to either exclude or confirm the currently observed anomalies within the next years. If the current anomalies in R(K) and R(K * ) stay at their respective central values, then LHCb should be able to measure R(K) and R(K * ) with a significance exceeding 5σ already with a dataset corresponding to 8 fb −1 . The Belle II collaboration will reach the required sensitivities with a dataset of 5 ab −1 foreseen to be collected in 2020. Due to the available statistics and improvements to the detector, the origin of the anomalies in the flavour sector is expected to be discovered within the next years and will allow us to gain insight about potential physics beyond the SM. (bottom). Displayed are the current average (not filled) as well as the extrapolations to future sensitivities (filled) of LHCb at 8 fb −1 , 22 fb −1 and 50 fb −1 (exclusive decays) and of Belle II at 5 ab −1 and 50 ab −1 (both inclusive and exclusive decays) assuming different NP models for the three classes of measurements to aid visibility. The SM prediction (black dot) with the 1σ, 3σ, 5σ and 7σ exclusion contours with a combined sensitivity of LHCb's 50 fb −1 and Belle II's 50 ab −1 datasets is indicated in light grey. As the primed operators show no tensions with respect to the SM, no SM exclusions are provided.
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